Abstract-We describe a method for identifying semiconductor radiation detector materials based on the mobility of internally generated electrons and holes. It was designed for the early stages of exploration, when samples are not available as single crystals, but as crystalline powders. Samples are confined under pressure in an electric field and semiconductors are identified by an increase in d.c. conductivity during exposure to a high-intensity source of 60 Co gamma rays. Using this method, we have determined that BiOI, PbIF, BiPbO2Cl, BiPbO2Br, BiPbO2I, Bi2GdO4Cl, Pb3O2I2, and Pb5O4I2 are semiconductors.
I. INTRODUCTION
A successful semiconductor radiation detector material should have good stopping power, can be obtained as large crystals at low cost, have acceptable carrier mobilities and lifetimes, and operate at ambient temperatures. Despite the fact that available detector materials fall short of these goals, the list of candidate materials has not grown substantially during the past 25 years [1] [2] [3] . Motivated by the possibility that better semiconductor detector materials can be found among the thousands of known but unexplored crystal forms [4, 5] , we have developed a method for identifying them during the early stages of exploration, when samples are not available as single crystals, but as crystalline powders. Because the defining characteristic of a semiconductor radiation detector material is the mobility of internally generated electron and hole charge carriers, we have developed an apparatus for confining a powder sample under pressure in an electric field and measuring the d.c. current induced by a high-intensity 60 Co gamma ray source. For known semiconductors we find that this current is consistent with the generation and transport of electron and hole carriers with a voltage-independent mobility-lifetime product characteristic of semiconductors. No such current was observed for known insulators, consistent with carrier self trapping.
New semiconductor materials are candidates not only for radiation detectors that detect charge carriers externally but also for scintillators that exhibit ultra-fast (≈1 ns) radiative recombination [6] .
The value of the band gap alone is not useful for identifying semiconductors because some (e.g. diamond) have a high band gap. A temperature-dependent electrical conductivity is not useful because it is negligible in undoped semiconductors with band gaps above 1.5 eV but can be large for insulators that exhibit ionic conductivity.
II. BACKGROUND
In a semiconductor, the current resulting from the internal generation of electrons and holes in an electric field is described by the Hecht equation [7] :
where I0 is the rate of electron-hole production and d is the sample thickness. The average drift distance before trapping and recombination is given by ′ d = µτ E, where µ and τ are the carrier mobility and lifetime, respectively, and E is the electric field strength. Detrapping and retrapping may occur, but this only adds to the effective carrier lifetime τ . In a crystalline semiconductor powder there is significant trapping on the particle surfaces, most of the carriers recombine in the material, ′ d << d , and the equation reduces to
where V is the applied voltage. However, if even one carrier type is self trapped, the other carrier is bound by Coulomb attraction, and ′ d and the d.c current I are essentially zero. Such materials are true insulators. Spontaneous self trapping of carriers is known to occur in many crystals [8] . Figure 1 shows our apparatus for confining a powder sample between two titanium anvils, 3 mm in diameter, in an electric field. The design is based on that of Wang and Sleight who showed that a pressure of 0.5 N/mm 2 is sufficient to provide a continuous electrical path through a powder sample of n-type ZnO [9] . In this work a guard ring has been added so that the ammeter records only current that passes through the 0-7803-9221-3/05/$20.00 ©2005 IEEE 2005 IEEE Nuclear Science Symposium Conference Record N27-1 sample and not the current that passes though the air. Current passing through the Delrin is less than 10 pA. The samples used were either the highest purity materials obtained from chemical suppliers or synthesized in our laboratory from highest purity available starting materials. For all samples the crystal phase was checked by x-ray diffraction and a weighed amount was used to produce a compressed thickness of approximately 1 mm (volume 7 mm 3 ). After a powder sample is pressed between the titanium anvils, the electrical conductivity is measured for a range of applied voltages (source off) and then the measurements are repeated during irradiation by 1.2 MeV Co-60 gamma rays from a 450 Ci cancer therapy unit (source on). The dose rate was 1,500 rad/min. The currents were measured using a Keithley model 617 electrometer. IV. RESULTS Figure 2 shows the current vs. time for BiPbO2Cl at voltages of 2 V (a) and 100 V (b). After the voltage is applied the material polarizes and reaches a steady current. When the source is turned on traps fill and the current increases to an equilibrium level. At this point the rate of generation of electron-hole pairs is equal to the rate of trapping and recombination. When the source is removed the current drops to the initial level as the carriers detrap. Figure 3 shows the d.c. ionization currents (i.e. source on minus source off) for seven known semiconductors ZnTe (2.3 eV), ZnO (3.37 eV), GaAs (1.5 eV), CdS (2.49 eV), HgI2 (2. Figure 4 shows the ionization current for diamond, BiOF, Lu2SiO5 (6.4 eV), Bi2SiO5, and SiO2 (8.4 eV). Although the diamond powder has significant carrier trapping, it exhibits an ionization current that rises with applied voltage, while the others show no measurable ionization currents for all voltages measured. The ionization currents for Al2O3 (9.9 eV), Bi4Ge3O12 (4.2 eV), CsI (6.2 eV), and PbF2 (5.0 eV) are also consistent with zero over the same range of voltages. Figure 5 shows a plot of ionization current vs. applied voltage for PbBiO2I (2.7 eV), Bi2GdO4Cl (2.7 eV), BiOI (2.1 eV), PbIF (3.0 eV), Pb3O2I2 (2.7 eV), and Pb5O4I2 (2.7 eV), identifying them as semiconductors. Because this method uses the difference between the source on and source off conditions, it cannot be used for samples whose ionic conductivity is much larger than the ionization conductivity. 
III. METHODS AND PROCEDURES

V. DISCUSSION
In modern usage, semiconductor materials (circuit elements and nuclear detectors) are valued for their ability to conduct internal electrons and holes over macroscopic distances. We find that it is possible to determine experimentally which materials have this property by measuring the change in conductivity during exposure to ionizing radiation. In accord with this notion, we suggest defining a semiconductor as "a non-metallic solid in which electrons and holes are mobile" and an insulator as "a non-metallic solid in which electrons or holes are self trapped". Furthermore, we suggest that the common definitions of the semiconductor as "a material that is neither a good electrical conductor or a good electrical insulator" or as "a material whose electrical conductivity can be changed by temperature or by doping" do not reflect the processes of carrier transport and self trapping, nor can they be used to identify wide-gap semiconductors experimentally.
VI. CONCLUSIONS
Despite significant trapping on microcrystal surfaces, semiconductors can be identified in compressed powder form by an increase in d.c. conductivity during exposure to ionizing radiation in accordance with the Hecht equation. In known insulators, no increase in d.c. conductivity was measured during exposure to ionizing radiation. Using this method we have identified eight heavy-atom semiconductors: BiOI, PbIF, BiPbO2Cl, BiPbO2Br, BiPbO2I, Bi2GdO4Cl, Pb3O2I2, and Pb5O4I2. All of these have densities exceeding 7 and are worthy of further exploration as radiation detector materials.
